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Abstract 
Nanowires show great promise for use in next generation (bio-)chemical sensing devices because of their high surface to volume 
ratio enabling efficient modulation of their current by charges or dipoles present at the surface. Here, we present a gas sensing 
device based on vertical InAs nanowire arrays grown without metal catalyst particles. The nanowires are contacted ohmically in 
their as-grown locations using an air bridge construction, leaving the nanowire surface free for gas adsorption. Noise 
measurements were performed to determine the measurement resolution for gas detection. The bare devices show sensitivity to 
NO2 concentrations well below 75 ppb at room temperature. We furthermore find that these nanowires can be functionalized with 
metalloporphyrins resulting in sensitivity to both NO2 and NO concentrations below 75 ppb. 
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1. Introduction 
Semiconductor nanowires offer a promising platform for high performance gas sensing devices that employ 
direct electrical readout. Gas sensing with nanostructures such as carbon nanotubes and metal-oxide nanowires 
generally involves charge transfer from or to adsorbed molecules or a gas-induced modification of the height of 
Schottky barriers formed at the contacts [1]. III/V-based nanowires have received relatively little attention for gas 
sensing, however, growth control of III/V nanowires has reached a high degree of perfection enabling nanowire 
positioning and tuning of their electronic properties. Furthermore, examples of III-V nanowire contacting in as-
grown locations, abandoning pick-and-place methods have been demonstrated [2]. However, for gas sensing, there 
is still a need for a vertical contacting scheme that allows gas adsorption and surface modification enabling tailoring 
with sensing molecules that are gas specific. InAs is a promising material for gas sensing, because it exhibits an 
electron accumulation layer at the surface, which renders it sensitive to accumulated charges or dipoles [3]. At the 
same time, InAs allows relatively easy fabrication of ohmic contacts due to its small band gap. Additionally, surface 
modification towards selective binding of a variety of gasses can build on considerable expertise on 
functionalization of planar InAs substrates [4]. Recently, the response of a horizontal single InAs nanowire field-
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effect transistor to saturated alcoholic vapors was demonstrated [5]. Here, we demonstrate for the first time gas 
sensing with vertically integrated InAs nanowire arrays. The bare devices are sensitive to ppb-levels of NO2, which 
is a strong electron acceptor and known to interact with the InAs surface. Furthermore, we show that after 
functionalization with a metalloporphyrin (Hemin), the nanowires show a strongly enhanced response to NO.  
2. Nanowire growth and device fabrication 
InAs nanowires were grown on n-doped epitaxy-ready InP(111)B wafers using low-pressure metal-organic-
vapor-phase epitaxy (LP-MOVPE) with trimethylindium (TMI) and arsine (AsH3) as precursor materials, 
transported in a flow of H2 gas. Prior to nanowire growth, a 1.2 nm thin SiOx initiation layer was evaporated on top 
of the substrate to facilitate nanowire nucleation eliminating the need for gold catalyst particles. Nanowires were 
grown after heating to the growth temperature of 600°C in a H2 atmosphere by exposure to the precursor gases for 
90 seconds. As shown in Fig. 1a they appear untapered and have a length of about 3 μm with a diameter of 50-100 
nm. The nanowires grown in this manner have a predominantly zincblende crystal structure with wurtzite segments 
and are covered by a 2 nm thick In-rich amorphous oxide layer (InxOy) as observed by transmission electron 
microscopy. 
 
Fig. 1: SEM images showing (a) untapered InAs nanowires (b) vertical nanowire array contacted by an air bridge  
After nanowire growth (Fig. 1a), arrays varying from 120x120 μm2 down to 30x30 μm2 were patterned by 
removing excess nanowires using a 80 nm thick Si3N4 mask and piranha etching. After patterning, the vertical 
nanowire arrays were contacted using an air bridge construction (Fig. 1b). To prevent electrical contact of the air 
bridges to the conductive substrate, a second 80 nm thick layer of Si3N4 was deposited to act as an insulating layer. 
The nanowire arrays were then fully embedded in a resist, which was etched back using an oxygen plasma to a 
height of about 2 μm, and subsequently exposed to a CF4 plasma to remove the Si3N4 from the tips of the nanowires. 
As a support for the air bridges, the resist was patterned into islands covering the nanowire arrays. After a short 
buffered hydrofluoric acid etch, contacts were made by sputter deposition of 10 nm Ti followed by 1 μm of gold. 
Gold was used here as it enabled the formation of air bridges without residual stress; for future implementations of 
these devices on silicon wafers, other metals may be used such as aluminum. Subsequently, air bridges were formed 
by patterning the contact metals using optical lithography and wet etching. Finally, all remaining resist was removed 
and the structures were dried in isopropanol vapor in order to prevent stiction.  
3. Electrical characterization 
After fabrication, the I-V characteristics of the structures were measured by probing pairs of arrays at their top 
contacts. We find that the device current increases linearly as function of the applied voltage in the range of -0.2 V 
to 0.2 V, indicating the successful formation of Ohmic contacts. Furthermore, to verify that the measured current is 
actually due to the contacted nanowires, and not due to e.g. shorts from the contact pads to the conductive substrate, 
the resistance is plotted in function of the array’s surface area in Fig 2a. We conclude that the device current scales 
with the number of contacted nanowires, with a single nanowire resistance of ~ 20 kΩ.   
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Fig. 2: (a) Device current as function of device area (the offset in device area is caused by the misalignment of the air bridge contact to the 
nanowire array leading to smaller contact areas than assumed), averaged over 5 pairs of devices with the same area. (b) Minimum measureable 
relative change in resistance determined from noise spectra as function of device resistance. 
The sensing performance of the nanowires will not only depend on their relative change in resistance upon gas 
exposure, but also on their inherent noise level (i.e. signal-to-noise ratio). Therefore, the noise spectrum of the 
nanowire arrays was measured in the low frequency range of 0.7 – 1600 Hz using an Agilent 35670A dynamic 
signal analyzer, by forcing a bias current IB through a pair of arrays such that the voltage drop over the nanowire 
arrays is 0.2 V. The resistor noise was then calculated using 
 ],/2[2 Hz
BI
V
R Ω=
γ
γ  (1) 
where γ is the noise spectral density per unit Hertz. We find that the normalized nanowire noise spectrum shows a 
1/f behavior which could be fitted using  
 
2[ / ],HzR f
αγ = Ω  (2) 
with α varying with the size of the nanowire arrays. By integrating the resistor noise over the applied frequency 
range, the minimum measurable relative change in resistance (∆Rmin/R) was obtained as function of nanowire device 
area. We find that (∆Rmin/R)2 scales inversely proportional with device area (and thus scales with device resistance) 
as shown in Fig.2b. This indicates that the best sensing performance (highest signal-to-noise ratio) may be expected 
from the largest nanowire arrays. In this respect, the use of vertically oriented nanowire arrays is advantageous 
compared to horizontally contacted nanowires.  
 
4. Gas measurement and functionalization 
The gas sensing performance of the nanowire arrays was tested by recording their response to NO2 in N2 at 
atmospheric pressure and room temperature. The nanowire arrays were wire bonded to a 24-pin DIL package and 
exposed to the gas in a custom-built gas-flow chamber. NO2 was supplied from a permeation tube and mixed with 
nitrogen as the carrier gas. Prior to exposure, the protective Si3N4 covering the nanowires was removed using a CF4 
plasma. The response to NO2 was measured while cycling between pure N2 and NO2/N2 in a concentration range of 
75 ppb to 1 ppm using a one hour cycling time. A typical example of the response to NO2 is plotted in Fig. 3. The 
device resistance increases during NO2 exposure, while it recovers by flushing with N2. The onset of the response is 
almost immediate, and concentrations as low as 75 ppb can be detected within 5 minutes with a signal-to-noise ratio 
> 3. The response did not saturate within the exposure time of 1 hour and both response and recovery rate increase 
with gas concentration. We tentatively attribute the sensing mechanism to a reduced surface electron accumulation, 
and increased charging and scattering at InAs/InxOy interface states during NO2 exposure [6, 7].  
 
P. Offermans et al. / Procedia Engineering 5 (2010) 1111–1114 1113
4 P. Offermans, M. Crego-Calama, S.H. Brongersma/ Procedia Engineering 00 (2010) 000–000 
0 200 400 600 800 1000
500
550
600
650
700
1 ppm
750 ppb
500 ppb
150 ppb
250 ppb
75 ppb
 
 
R
es
is
ta
nc
e 
(O
hm
)
Time (min.)
 
Fig. 3. Response of a vertical InAs nanowire array to varying concentrations of NO2 in N2. 
Next, the response to NO was investigated. In contrast to NO2, the, the nanowires did not show a notable 
response to similar concentrations of NO in N2. To improve the response to NO, the nanowires were functionalized 
with Hemin (obtained from Sigma-Aldrich) by submerging the wire bonded devices overnight in a 5 mM solution of 
Hemin in Dimethylformamide (DMF). The devices were then rinsed with DMF and dried in isopropanol vapor. 
After functionalization, the average device resistance (measured after stabilization in N2) was increased by about a 
factor of 1.5 to 2. More interestingly, the devices showed a strongly increased saturated response to both NO2 and 
NO after exposure to high concentrations (> 10 ppm) with a ∆R/R ranging up to 300% for NO2 and up to 100% for 
NO. For concentrations in the ppb-level range, the response to NO was found to be comparable to that to NO2 after 
functionalization. 
5. Conclusion 
In conclusion, gas sensing is demonstrated for the first time with vertical InAs nanowire arrays, contacted 
ohmically in as-grown locations, using an integration flow that leaves their surface accessible for functionalization 
with gas sensitive molecules. We show that the bare devices are sensitive to concentrations of NO2 in N2 well below 
75 ppb. Initial results indicate that selectivity and sensitivity towards other gasses may be achieved using an 
appropriate surface functionalization. Surface passivation [8] may improve response times and decrease the noise 
level, enabling lowering of the limit of detection. Thus, these nanowire-based devices form a promising platform for 
high performance nanosensors that employ direct electrical readout.  
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